3 consistently polycrystalline forms. This is because the oxide film formations were performed at relatively low temperature (RT) and also on Pt electrodes without lattice matching. Also we have fabricated a single crystalline oxide layer by utilizing conductive oxide substrate (Nb 1wt%-SrTiO 3 ). The single crystalline feature can be seen in Figure S2 of XRD. Figure S3 shows the variation of I-V data for fabricated resistive switching devices including TiO 2 and NiO x when varying the cell areas and the operation currents. The transport measurements were performed by using a semiconductor parameter analyser (Keithley 4200SCS) at RT in ambient atmospheres. It can be seen that the variation as to the polarity characteristics of resistive switching is rather common for various resistive switching materials. Figure S4 shows the retention data of both ON state and OFF state for bipolar switching and unipolar switching in the cases of CoO x and TiO 2-x junctions. All retention data showed the non-volatility of resistive switching over 10 4 sec, although the slight decrease was found in the case of bipolar switching in CoO x .
Previously we have reported that such relatively short retention time for bipolar switching is closely related to the effect of surroundings. 5 Figure S5 shows the endurance data of bipolar switching and unipolar switching in the case of TiO 2-x junctions. The endurance of bipolar switching was confirmed at least over 250 times, and also previously we have reported that the endurance of the bipolar switching in thickness. The device geometry is almost consistent with the real device geometry employed. Commercial finite element method package (μ-series) was utilized to simulate the spatial electric field distributions. As can be seen in Figure S7 , the electric field at the edge is enhanced due to a well-known metal edge effect. However, such edge-enhanced electric field is strongly relaxed with the distance from the edge. More quantitatively, the ratio of the spatial electric field to an area-averaged electric field is shown in Figure S7b . It can be clearly seen that the most enhanced electric field near the edge is just about 2.5 times of an area-averaged electric field value. In addition, the spatial area of such edge-enhanced electric fields is rather limited. For example, at the position away from 5nm from the edge, the electric fields are much closer to an uniform electric field distribution. Thus these simulation data highlights that the effect of aspect ratio on the spatial electric field distribution is rather limited, and does not cause a significant discrepancy with an area-averaged electric field distribution data within our experimental range of aspect ratios. In addition, we have measured the resistance values of pristine samples when varying the aspect ratio, as shown in Figure S8 . The junction resistance well scales with the area of cross point rather than the edge length. Thus within our experimental range, an approximation as to an uniform electric field at the cross point seems to be appropriate from these experimental and simulation data. 
S4. Critical electric fields for bipolar switching behavior.
The presence of constant critical electric field in Fig.3 might correlate with the emergence of the bipolar switching. Among various models, a model based on an oxygen ion drift under an electric field has most successfully explained the features of bipolar switching. For low electric fields, an ionic drift velocity is proportional to an electric field, i.e. constant ion mobility. On the other hand, for high electric fields an ionic drift velocity exponentially increases with increasing an electric field. Strukov and Williams have proposed that such exponential ionic drift causes non-volatile bipolar switching behaviors by overcoming the effect of a thermal diffusion of ions. 7 Their model predicts that bipolar switching emerges above critical electric field E 0 where the exponential ionic drift occurs. They also estimated the E 0 value for titanium dioxides to be about 10 6 V/cm for 300 K using the formula E 0 =2k B T/(qa), where k B , T, q and a are the Boltzmann constant, temperature, charge of electron, and the jump distance of ions. Figure S9 shows the distribution of the observed critical electric fields when varying the thickness, which conforms to a Weibull type distribution. Figure S10 shows the irreversible trend in the transition from bipolar to unipolar switching for CoO x and NiO x samples. When the forming currents were relatively low, the bipolar switching only occurred. When increasing the forming currents, the transition from bipolar to unipolar switching emerged via the forming process. Once the transition occurred, the stable unipolar switching behaviours were observed. However, when decreasing the forming current after such transition, the hysteresis loop in I-V data was strongly suppressed when compared with the original bipolar switching before the transition. These results highlight the strong irreversible trend of the transition for unipolar switching, demonstrating that the occurrence of unipolar switching is closely related to the irreversible nature of dielectric breakdown.
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Figure S9 Weibull distribution data of electric fields required for an unipolar switching when varying the thickness of CoOx layer. 
